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Versatile Route for Multifunctional Aerogels Including

Flaxseed Mucilage and Nanocrystals

Abuelmagd M. Abdelmonem, Ddniel Zdmbd, Pascal Rusch, Anja Schlosser,

Lars F. Klepzig, and Nadja C. Bigall*

Preparation of low density monolithic and free-standing organic-inorganic
hybrid aerogels of various properties is demonstrated using green chemistry
from a biosafe natural source (flaxseed mucilage) and freeze-casting and
subsequent freeze drying. Bio-aerogels, luminescent aerogels, and
magneto-responsive aerogels are obtained by combination of the flaxseed
mucilage with different types of nanoparticles. Moreover, the aerogels are
investigated as possible drug release systems using curcumin as a model.
Various characterization techniques like thermogravimetric analysis, nitrogen
physisorption, electron microscopy, UV/Vis absorption, and emission
spectroscopy, bulk density, and mechanical measurements, as well as in vitro
release profile measurements, are employed to investigate the obtained
materials. The flaxseed-inspired organic-inorganic hybrid aerogels exhibit
ultra-low densities as low as 5.6 mg cm=3 for 0.5% (w/v) the mucilage
polymer, a specific surface area of 4 to 20 m? g~', high oil absorption capacity
(23 g g7"), and prominent compressibility. The natural biopolymer technique
leads to low cost and biocompatible functional lightweight materials with
tunable properties (physicochemical and mechanical) and significant potential
for applications as supporting or stimuli responsive materials, carriers,
reactors, microwave- and electromagnetic radiation protective
(absorbing)-materials, as well as in drug delivery and oil absorption.

derived from the sol-gel process of the
molecular building blocks.'"%] A gel is a
sponge-like network structure from the cor-
responding nanoscopic building materials
filled with a liquid. Unlike the gels, an aero-
gel is an effectively solid network structure
with only a gas or vacuum in its pores in-
stead of liquid.[?] Aerogels are produced by
carefully extracting the pore liquid of the
corresponding gel using special techniques
like supercritical drying or freeze drying
leaving behind a solid interconnected ma-
trix. In this process, the liquid in the gel is
replaced with a gas forming a solid material
with high porosity, extremely low density,
and frequently extremely low thermal con-
ductivity, known as aerogel. Cryogelation
is an aerogelation technique recently de-
veloped, widely, and successively employed
in our group to prepare different types of
aerogels.”! In the cryogelation technique,
the solution or the gel of the correspond-
ing building blocks is first frozen followed
by freeze-drying to obtain the final aerogel.
The freeze drying not solely much easier
to be performed compared to the supercrit-
ical CO, drying but it is widely available

1. Introduction

Aerogels are a unique class of solid materials with multifold
physicochemical properties, high porosity, and ultralow density

and employed in the industrial sector for diverse purposes and
applications. Aerogels derived from biomaterials or natural
materials are termed bio-aerogels and consist, for example, of
proteins!'®!* ((e.g., gelatin, albumin, etc.) or polysaccharides
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(e.g., cellulose, chitosan, alginate, starch, agar, carrageenan,
etc.).[’>1%] Due to their natural abundance, low cost, biodegrad-
ability, biocompatibility, eco-friendliness, and lack of (or reduced)
toxicity, bio-aerogels are of exceptional importance in a wide
range of applications, especially in the bio- and biomedical
field.[17-20]

Flaxseed (Linum usitatissimum L.), also known as linseed,
is one of the oldest and most widely spread crops cultivated
worldwide for its different purposes like oil, fiber, and food.[?!-23]
Flaxseed is an excellent source of a wide range of natural
compounds of special importance like oils, polysaccharides,
proteins, 2%’ and antioxidants.!?®3% Due to the wide range of
extractable bioactive compounds with various biological activities
as antioxidant, antibacterial, antihypertensive,[®32] and health
promoting effects,!*}] the flaxseeds are consumed as functional
food (nutraceuticals) and for animal feeding (to promote the
reproductive performance and health of the animals). Flaxseeds
contain ~28% dietary fiber of which 25-30% is soluble dietary
fiber.?*l Most of the flaxseed soluble dietary fibers are located on
the outside of the seed coat and known as mucilage or flaxseed
gum (~5-8% of the seed weight). The chemical composition
of the flaxseed mucilage (FSM) is a mixture of polysaccharide
heteropolymers composed of a mixture of acidic (thamnogalac-
turonan) and neutral (arabinoxylan) polysaccharides.*®] The
mucilage in general is a highly viscous, colorless liquid with
good water retention gelling properties.’®) The mucilage with
its unique characteristics (a good hydro-colloid with marked
swelling capacity, marked water-holding capacities, and high vis-
cosity in aqueous solution and gelling properties) as well as the
natural abundance, low cost, biodegradability, biocompatibility,
being eco-friendliness, and lack of (or reduced) toxicity)¢-3!
have been studied for a variety of applications such as concrete
additives, coacervates,*! food industry, pharmaceutics, and
drug delivery.?** Comin et al. recently reported a strategy to
yield FSM aerogels!*! by employing flax mucilage and barley
beta-glucan. The aerogels were obtained using CO, supercritical
dying, and their great application potential was investigated as
possible delivery vehicles for nutraceuticals.

Due to the unique properties of materials in the nanoscale
regime (nanoscopic features, e.g., size dependent optoelec-
tronic properties, electronic bandgap, and the magnetic sus-
ceptibility), nanomaterials have potential applications in numer-
ous fields such as electronics, sensing, catalysis, energy, and
biomedicine.[*52] In recent decades, the intensively growing de-
velopment of synthetic methods has made it possible to produce
nanoparticles (NPs) with well-controlled and precisely tailored
properties. The size, shape, and surface chemistry of colloidal
nanocrystals can be controlled with almost atomic precision by
controlling the synthetic methods and choosing the suitable syn-
thesis conditions (e.g., temperature, concentration of the precur-
sors/reactants, and proper choice of ligands).[>*°]

The combination of the NPs and aerogels by grafting the
NPs into the large inner surface of lightweight aerogels allows
constructing macroscopic materials with nanoscopic properties.
Making use of the unique properties of both NPs and aero-
gels promising novel functional materials can be achieved by
exploiting both the large, interconnected porosity and specific
surface area as well as the additional functionalities provided by
the NPs.
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In the present work, FSM natural polymer and freeze-drying
aerogelation (as a greener alternative technique to supercritical
drying) were successfully employed to prepare aerogels (bioaero-
gels) of different FSM concentrations. Moreover, the flax mu-
cilage was used as a biocompatible scaffold /backbone for embed-
ding different inorganic NPs (e.g., CdSe/CdS nanorods and mag-
netic IONPs) in order to prepare multifunctional hybrid (organic-
inorganic hybrid) hydrogels and aerogels with distinct mechan-
ical and physicochemical properties. This work provides a proof
of concept toward a wide range of possible promising applica-
tions such as thermal insulation, catalysis, sensing, adsorbents,
biomedicine (e.g., drug delivery systems, tissue engineering, and
regenerative medicine, carriers, supporting or template materi-
als, raw materials for carbon aerogels as well as organic-inorganic
composite aerogels).

2. Results and Discussion

2.1. General Characterization

Physicochemical and functional properties of FSM such as high
(@ good hydro-colloid with marked swelling capacity, marked
water-holding capacities, and high viscosity in aqueous solution
and gelling properties), as well as its other features such as natu-
ral abundance, low cost, biodegradability, biocompatibility, being
eco-friendliness and lack of (or reduced) toxicity are the motive
power to develop advanced functional materials in field of nan-
otechnology and aerogels with a variety of possible applications.
As shown in Figure 1, monolithic, free-standing FSM bio-
aerogels and organic-inorganic hybrid aerogels were obtained via
freeze casting (also known as ice-templating) and subsequent
freeze drying). In general, the obtained aerogels had limited
shrinkage and the shape of the obtained aerogels can be tuned
according to the shape of templating molds (the aerogels re-
tained their original shapes very well except for the upper or
free side of the model due to the turbulences during tube during
flash-freezing using the liquid nitrogen). The color appearance
is white for the pure flaxseed aerogel, yellow, deep orange, and
blackish for the curcumin containing aerogels, photolumines-
cent orange for CdSe/CdS NRs, and blackish for superparamag-
netic NPs containing aerogels, respectively. While the semicon-
ductor NR-doped aerogels show red emission under UV illumi-
nation, the superparamagnetic NP-doped ones can be attracted
by a neodymium magnet against the gravity (see the results later).
Table 1 shows the bulk densities of the FSM aerogels prepared
from different concentrations of the FSM polymer, curcumin
loaded aerogel, and organic-inorganic hybrid aerogels (contain-
ing NPs). Obtained results shown in Table 1 indicate ultra-low
density, monolithic, free-standing aerogels of densities as low as
5.6 mg cm =3 for 0.5% (w/v) mucilage concentration to 21.5 mg
cm™? corresponding to 2.0% (w/v) FSM concentration.
Monolithic free-standing aerogels were prepared also using
lower FSM concentrations down to 0.1% (w/v) but data not in-
cluded in the current manuscript (data were not fully character-
ized enough), general note for the excluded aerogels (prepared
using low concentration less than 0.5% w/v) are easily compress-
ible and easily/highly stuck (adsorbed) to other objects via electro-
static forces especially with extremely low density which makes
it difficult to handle and deal. Similar phenomenon was previ-
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Figure 1. Photographs of a) flaxseed mucilage bio-aerogels of different concentrations, b) curcumin loaded bio-aerogel, c¢,d) organic inorganic
(nanoparticle-loaded) hybrid aerogels. c) Magnetic or magneto responsive aerogel of flaxseed mucilage combined with iron oxide nanoparticles (IONPs,
as demonstrated by interaction with a magnet), images of d) hydrogel and aerogel of fluorescent hybrid aerogels of CdSe/CdS nanorods and mucilage
under e) daylight and f) UV illumination. SEM images of the morphologies of the obtained aerogels of different flaxseed mucilage concentrations: g)
0.5%, h) 1.0%, i) 1.5% and j) 2.0% (w/V). Different mechanical, morphological, and structural properties of the obtained aerogels could be further
modified/controlled by controlling wide range of freezing parameters such as freezing temperature, rate, and media.[®>°-61]
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Table 1. Bulk densities of the flaxseed mucilage-based aerogels.

Sample Bulk density [mg cm™3]
FAGY 0.5%” 5.6+0.6
FAG 1.0% 106 +0.8
FAG 1.5% 173 +0.7
FAG 2.0% 215+ 1.8
FAG-Cur” 19.1+0.9
FAG-IONPs? 145405
FAG-NRs") 17.1+ 1.0

) FAG= flaxseed mucilage aerogel; 0 (0.5, 1.0, 1.5 and 2%) indicate the mu-
cilage concentration in the initial solution/gel; 9 Curcumin containing/loaded
aerogels; d)Magneto responsive aerogels (containing iron oxide nanoparticles);
) Luminescent aerogels (containing CdSe/CdS nanorods).

ously reported for some aerogels of extremely low densities like
cellulose nanofibers obtained aerogels.l>*-58!

The morphology and structure of the FSM-based aerogels were
further investigated by SEM. As displayed in Figure 1g—j and Fig-
ures S1-S4, Supporting Information, the SEM images of the ob-
tained FSM-based aerogels show porous sheet-like laminar struc-
tures and the spacing between adjacent lamellae varies in the
range of 3-25 um. Packing density of these laminar structures
increases with increasing FSM concentration from 0.5 to 2.0%.
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The mechanical properties of the obtained bio-aerogels of the
FSM polymer are shown in the stress—strain curves (Figure 2a).
Similartly to the previously reported bio-inspired aerogels!®*¢3] the
stress—strain curves consist of an elastic region at low strains fol-
lowed by a stress plateau corresponding to a progressive buckling
of cell walls, and the densification of the material at high strains
where the stress increases abruptly. This behavior is more clearly
visible for aerogels with 2.0 wt%, where the stress—strain curve
exhibits small, but remarkable elastic region at lower strains fol-
lowed by a stress plateau region and finally a significant densifi-
cation region. Due to the less dense nature of the lamellar sheets
at lower mucilage concentrations, the elastic region cannot be
observed, and the structures show gradual densification upon in-
creasing stress. Nevertheless, the FSM aerogels exhibit moderate
compressibility and recovery as a function of concentration.

The thermal stability of the flaxseed-based aerogels was inves-
tigated by TGA. From the TGA measurements shown in Fig-
ure 2¢,d, the first stage slight loss in mass was observed to oc-
cur up to 100 °C for all aerogels due to the loss of condensed
moisture. In the second stage, the aerogels start to thermally de-
grade in the range of 200-433 °C due to the decomposition of
the FSM. IONP-loaded aerogel shows similar thermal decom-
position properties to the pristine aerogels, while the curcumin-
loaded sample exhibit an additional decomposition step at 400
°C, which can be attributed to the presence of curcumin and
PEG400.
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Figure 2. a) Stress—strain curves of the bio-aerogels prepared from different concentrations of the flaxseed mucilage, b) FTIR spectra of the flaxseed
mucilage biopolymer, flaxseed mucilage aerogel, curcumin powder, and flaxseed aerogel containing curcumin, and c) thermogravimetric curves of the
flaxseed bio-aerogels of different concentrations and d) flaxseed organic-inorganic hybrid aerogels.
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Figure 3. Chart for oil absorption capacities of some materials recently designed and investigated as highly oil-absorbents for the oil absorption appli-

cations and environmental cleaning.

Figure 2b shows the Fourier transform infrared spectroscopy
(FTIR) spectra of FSM, the flaxseed-derived bio-aerogel, PEG400,
the curcumin, and the curcumin-loaded flaxseed bio-aerogel in
the wavenumber region of 650 to 4000 cm~!. FTIR spectra of
all samples containing the FSM polymer (FSM, flaxseed mu-
cilage aerogel (FAG), and FAG-Cur) show characteristics of the
FSM. The broad band observed in all sample curves at 3336 to
3500 cm™! corresponds to the —OH stretching, the peak at 2937
cm™! is attributed to the —C—H bonds of the CH2-CH3 groups
of aliphatic chains, the peak at 1610 cm™! can be attributed to
the C=0 stretching vibrations of galacturonic acid. The signals at
1417 and 1356 cm™! could be attributed to the scissor-vibrations
of the -CH,— and —OH bonds, respectively. The absorption band
at 1149 cm™! corresponds to the glycoside bond (C-O-C).

Additionally, a strong absorbance was observed at 1031 cm™!
attributed to asymmetric stretching vibrations of C-O-C bonds
and two small absorption peaks at 887 and 825 cm™! attributed to
vibration elongation of FSM branches.[**%] Comparing the dif-
ferent FTIR spectra, characteristic absorption peaks of pure cur-
cumin at 1616, 1435, 1141 and 1025 cm™" clearly contribute to
the FTIR spectra of the curcumin loaded FSM aerogels.

Due to the presence of functional groups (e.g., hydroxyl and
carboxylic groups), the FSM biopolymer could be of great value
for the functionalization/bioconjugation and crosslinking allow-
ing further modification and tailoring the different mechanical
and physicochemical properties, functionalities, and applications
in various flaxseed based materials.[¢+%7]

Macromol. Rapid Commun. 2022, 43,2100794 2100794 (5 of 14)

Surface area analysis via BET (Brunauer—-Emmett-Teller)
method and isotherm curves shown in supporting information
(Figure S5 and Table S1, Supporting Information) demonstrates
and, that the specific surface area of the obtained FSM bio- and
hybrid aerogels is 4, 12, and 20 m? g~! for FAG 1.5 and FAG
2.0% (bio-aerogels) and magneto responsive aerogel (organic in-
organic hybrid aerogel of FSM combined with IONPs). The high-
est specific surface area of the FSM bio-aerogel corresponds to
the highest polymer concentration (FAG 2.0%). Hybrid aerogels
containing IONPs in the gel structure retain the specific surface
area of the pristine backbone indicating that the incorporation of
NP building blocks does not lead to a significant compression of
the initial gel structure.

Oil absorption is an important area of application of the aero-
gels. The obtained FSM bio-aerogels showed a high oil absorp-
tion capacity of 23.5 g oil per gram bio-aerogel. This oil absorp-
tion capacity for the FAG 1% aerogel is comparable to oil absorb-
ing capacities recently reported for some materials designed and
investigated as highly oil-absorbents for the oil absorption appli-
cations and environmental cleaning (Figure 3). Taking into con-
sideration that 1) not all the aerogels obtained in this work were
evaluated for their oil absorption capacities but only bio-aerogel
(0f'1.0% FSM) and 2) this oil absorption capacity was tested using
one oil (sunflower oil) as an example for the possible use of the
obtained aerogels, that is, measurement of the oil absorption ca-
pacities of the obtained aerogels was not the main core of the cur-
rent work. In this regard, in depth study of the different prepared

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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aerogels in oil absorption capacities and environmental remedi-
ation (e.g., wastewater treatment) might be of interest using dif-
ferent types of pollutants (e.g., heavy metals) and oils (kerosene,
gasoline, motor oils, and different types of vegetable oils) and ca-
pabilities might be further enhanced by optimization different
parameters.

This high oil absorption capacity of the FSM bio-aerogel
might be of great value as absorbent in food applications,!®”]
environmental remediation!®*#] and wastewater purification as
previously reported for different types of bio-aerogels such
cellulose!®! and chitosan,/”!! inorganic and inorganic-organic hy-
brid aerogels!®*!l such graphenel®293! based aerogels.

2.2. Curcumin Loaded FSM Aerogel (FAG-Cur)

Curcumin is a yellow, low molecular weight polyphenolic natural
compound obtained from rhizome of the plant Curcuma longa.
Curcumin first has been extensively used as a food (turmeric
and curries) for long time (centuries) in Ayurveda (traditional
medicines). Recently, curcumin has gained an increased inter-
est for applications in nutrition and medicine due to the ac-
cumulated body of evidence and recent studies reporting var-
ious health promoting and pharmacological activities of cur-
cumin, such as anticancer®" (for many types of cancers includ-
ing colorectal, breast, lung, prostate and pancreatic carcinoma),
anti-inflammatory,®*! anti-oxidant, prevention and treatment of
Alzheimer’s disease.[%]

Curcumin has also been investigated to develop novel materi-
als employed in various applications in chemical sensing (colori-
metric sensor for copper, hemoglobin, and pH colored sensor),
drug delivery applications as carrier, radical scavengers, environ-
mental remediation,”’l and photosensitizers in dye-sensitized
solar cells (DSSC)?%1%] and photodynamic therapy.’*!%1 De-
spite the reported broad spectrum of promising properties,
the practical use of curcumin especially in bio-applications has
been hampered due to its disadvantageous physicochemical
properties (extremely low solubility in aqueous media, instabil-
ity), poor bioavailability, and rapid metabolism. As a result of
this, in order to exploit the promising properties of curcumin
for the health and novel functional materials, many strategies
(derivatization, conjugation, polymerization, encapsulation, and
nanotechnology)[3%31:192193] Based on the above-mentioned objec-
tives, we employed curcumin-loaded FSM aerogel as a model sys-
tem for drug delivery and controlled release with possible appli-
cations in other areas reported for the curcumin. The curcumin-
loaded flaxseed polymer aerogel was successively prepared by
mixing both solutions of the curcumin and the FSM. The aerogel
was characterized and investigated from many aspects (optical,
encapsulation efficiency (EE), loading capacity (LC), and in vitro
release profile in different simulated biological fluids).

The cargo EE and LC of the developed curcumin-loaded FSM
aerogel were found to be 98.65 and 5.70%, respectively. UV-vis
absorption spectra (Figure 4) show that the specific absorption
peak of curcumin becomes broader and shifts bathochromically
compared to the pristine curcumin. This phenomenon can be at-
tributed to the difference in the refractive index of the surround-
ing medium (water for the pristine curcumin and air and FSM
for the aerogel).
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Figure 4. Normalized absorption spectra of the pristine curcumin and the
curcumin-loaded flaxseed aerogel.

Due to the fast-growing interest and the need for enhanced de-
livery (prolonged, targeted, enhanced stability or bioavailability)
of pharmaceuticals and nutraceuticals (bioactive compounds), a
wide variety of novel systems have been developed and reported
for the delivery through different administration routes. For the
delivery purposes, the desired systems are considered to be able
to precisely protect the loaded cargo (drugs or health promoting
bioactive materials) during different stages and against degra-
dation in physiological environment resulting features like en-
hanced stability, bioavailability, controlled drug release, minimiz-
ing adverse effects, and reducing the administered dose. Bio-
based aerogels exhibit large surface to volume ratios (allowing
for high drug loadings) as well as good biocompatibility, which
make these architectures promising biomaterials to design drug
delivery carriers.

The release profile of curcumin was investigated in vitro in
two different simulated biological fluids, namely simulated gas-
tric fluid (SGF) and simulated intestinal fluid (SIF). In order to
study the release behavior of the FSM aerogel loaded with cur-
cumin, a precisely weighted sample was immersed in SGF (pH
= 1.2) or SIF (pH = 7.2) and the curcumin release was spectro-
scopically determined and expressed as cumulative release. As
shown in Figure 5, the released amount changes with increasing
sustained release time and for both simulated fluids (SGF and
SIF), a burst release within the first 30 min for SGF and ~2 h in
the SIF can be observed. Subsequently, a sustained and slow re-
lease was observed reaching a cumulative release of 72.3% after 4
h in SGF and 54.5% after 6 h in SIF. Some biopolymers, such as
mucilage have some mucoadhesive properties, which can also be
used for prolonged residence/contact of drug delivery systems on
the mucosal surfaces improving the prolonged drug release and
delivery.[67:104]

Additionally, curcumin- FSM bio-aerogels can be of great im-
portance as novel material for the various applications reported
for curcumin in, for example, in field of DSSC,[%1%1 chemical
sensing, radical scavengers, environmental remediation,/’} and
photodynamic therapy.[>%101]

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. In vitro release profile of curcumin of the curcumin-loaded bio-aerogel in simulated biological fluids. a) Release profile in simulated gastric

fluid (SGF) and b) in simulated intestinal fluid (SIF).

2.3. Organic-Inorganic Hybrid Aerogel

Immobilization of inorganic NPs like QDs in a proper ma-
trix to develop polymer- NP hybrid composite materials is of
paramount importance in a wide range of applications especially
where multifunctionality is a key demand. Additionally, the graft-
ing/immobilization of the inorganic NPs is an important means
to reduce the environmental and health risk issues related to
respirable particulate matter. Besides sensing, opto-electronic or
photovoltaic applications, QD containing aerogels have been suc-
cessfully employed in 3D displays.[!®] Applications, mechanical
and physicochemical properties of such polymer-NP hybrid ma-
terials have been extensively explored.[1910¢]

Being monolithic, free-standing, and prepared from low con-
centration as well as the ease of preparation, FSM bio-aerogels
could be of great importance to be combined with inorganic NPs
enhancing and tailoring the mechanical and voluminous prop-
erties nanoscopic features of the NPs into macroscopic world.
Here, organic-inorganic hybrid aerogel materials were devel-
oped from FSM polymer and different types of inorganic NPs
to demonstrate the versatility of the bio-aerogel backbone toward
multifunctional aerogel structures.

2.3.1. Luminescent Aerogels

Luminescent organic-inorganic hybrid aerogels were prepared
via embedding the luminescent CdSe/CdS nanorods in the
flaxseed derived biopolymer (mucilage). Figure 6 shows the mor-
phology of the as-synthesized NRs as well as the hybrid aerogels.
CdSe/CdS nanorods (Figure 6a) prepared by seeded growth in or-
ganic solvent were transferred into aqueous phase by ligand ex-
change phase transfer using mercaptopropionic acid then mixed
with the flaxseed polymer solution to prepare the luminescent
organic-inorganic hybrid aerogel. TEM images of the lumines-
cent organic-inorganic hybrid aerogel containing the CdSe/CdS
nanorods (Figure 6b—f) show that the nanorods retain their mor-
phology and are spatially distributed upon embedding in the
biopolymer matrix, which is a key requirement to preserve their
nanoscopic optical properties. During the formation of the sheet-
like structures upon flash-freezing, the nanorods become con-
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fined in the laminar structures. Agglomeration or structural de-
struction was not observed in the hybrid aerogels.

Optical properties (absorption and photoluminescence spec-
tra, fluorescence decay, and PL quantum yields) of the CdSe/CdS
nanorods and the obtained luminescent organic-inorganic hy-
brid aerogel are shown in Figure 7. Photoluminescence mea-
surements (PL spectra in Figure 7b) indicate, that the peak posi-
tions (4,,,,) of the hydrophobically capped CdSe/CdS nanorods in
toluene, water soluble mercaptopropionic acid capped CdSe/CdS
nanorods and the organic-inorganic hybrid aerogels containing
the CdSe/CdS nanorods are located at 606, 601 and 628 nm, re-
spectively. This implies, that the aerogelation causes a promi-
nent bathochromic shift (%27 and 22 nm) compared to the peak
positions of the NP solutions for the CdSe/CdS nanorods in
toluene, and in water, respectively. Similarly as discussed above
for curcumin-loaded aerogels, these spectral changes, can be
attributed to the refractive index change of the surrounding
medium (toluene, water, and air).[1”] Additionally, regarding the
photoluminescence spectra, self-absorption in these hybrid aero-
gel samples (due to the high NR concentration in a certain vol-
ume) has to be taken into account, which may contribute to the
bathochomic shift.

In order to get a clearer picture of the radiative recombina-
tion of the charge carriers, the fluorescence lifetime was recorded
for NRs in solutions (in toluene and in water) as well as in the
organic-inorganic hybrid aerogel. Lifetime decay curves and the
corresponding average lifetimes of CdSe/CdS NRs in the three
different matrices are shown in Figure 7c,d and in Table S2, Sup-
porting Information. The average exciton lifetimes were found
to be 15.4 ns for the pristine hydrophobically capped CdSe/CdSe
NRs in the organic solvent (toluene), 8.7 ns for the water trans-
ferred CdSe/CdS NRs (MPA capped), and 14.0 ns for the FSM
-CdSe/CdS hybrid aerogels. Replacing the original TOP/TOPO
ligands of the NRs by surface grafted thiolated molecules (MPA)
causes shortening in exciton lifetimes, which can be attributed
to the generated hole traps or less-covered surface defects upon
grafting by thiols via opening new, non-radiative channels. How-
ever, embedding the NRs in the biopolymer gel leads to the elon-
gation of the exciton lifetimes closer to the value in toluene,
meaning that the particles might regain the majority of the
originally existed radiative channels which can be explained by
the reducing the non-radiative recombination pathways in aero-
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Figure 6. TEM images of a) the CdSe/CdS NRs in toluene and b—f) CdSe/CdS mucilage hybrid aerogels at different magnifications and SEM images of
g) the pure mucilage bio-aerogel and h,i) CdSe/CdS mucilage hybrid aerogels.
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Figure 7. a) Normalized extinction for solutions (NRs in toluene and MPA capped NRs in water), absorption for solid sample (FAG-NRs aerogel), b)
photoluminescence spectra of the hydrophobically capped (blue lines) CdSe/CdS nanorods in toluene, water soluble (red lines) mercaptopropionic acid
capped CdSe/CdS nanorods and the organic-inorganic hybrid aerogels (green lines) containing the CdSe/CdS nanorods, c) photoluminescence quantum
yields and d) lifetime decay curves of the CdSe/CdS NRs in toluene, water soluble (MPA capped) and CdSe/CdS NRs-organic hybrid flaxseed aerogel.
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Figure 8. SEM images of a) the pure mucilage aerogel and b,c) the magnetic organic-inorganic hybrid aerogel combined of the flaxseed mucilage
aerogel and the iron oxide nanoparticles. d) TEM image and e) size distribution of the iron oxide nanoparticles. f~h) TEM images of the magnetic
organic-inorganic hybrid aerogel combined of the flaxseed mucilage aerogel and the iron oxide nanoparticles. i) Response of the hybrid aerogel to an
external magnetic field. j-n) Compressibility and deformability of the hybrid bio-based aerogel.

gels compared to the liquid environment as has been previously
seen.'%®! In addition, this phenomenon might be explained by
a better passivation of the particles in the biopolymer matrix in
air environment compared to the aqueous environment of the
water-transferred solution. TEM images (Figure 6e,f) show sepa-
rately present NRs in the biopolymer matrix, demonstrating the
preservation of original NP morphology upon embedding the
nanorods in the biopolymer. Consequently, NRs can retain their
fluorescent properties in the FSM matrix as the PLQY values also
clearly demonstrate (Figure 7c): QY values of the hybrid aero-
gels are similar to the values of MPA-grafted NRs in water. Thus,
photophysical measurements prove, that the obtained lumines-
cent organic-NR aerogel provides retained photophysical proper-
ties which makes these macroscopic aerogel structures a promis-
ing platform for novel multifunctional materials especially for 3D
networks, sensing, and catalysis.

The developed luminescent hybrid (organic-QRs) aerogels
are ultralight monolithic materials that could overcome draw-
backs such as poor mechanical stability, handling issues, health-

Macromol. Rapid Commun. 2022, 43,2100794 2100794 (9 of 14)

and environmental-related risks of conventional, inorganic QRs
macroassemblies.[1%7]

2.3.2. Ultralight Magnetic Organic-Inorganic Hybrid Aerogel

As magnetic nanomaterials and their composites have been
investigated for biomedical, data storage, and device applica-
tions, magnetic aerogels are of great importance in various as-
pects of applications from microfluidic devices to electronic
actuators.[109:110]

Caffeic acid capped magnetic IONPs embedded in FSM ma-
trix were employed to obtain ultralight magnetic porous aerogels.
Figure 8 shows the TEM images of the caffeic acid capped IONPs
and their size distribution (Figure 8d,e) as well as the FSM aero-
gel containing the magnetic NPs (Figure 8f~h). The prepared hy-
brid aerogel possesses numerous advantageous properties such
as magneto responsivity, deformability/recoverability as shown
in the bottom panel of Figure 8.
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The applied straightforward and green strategy opens routes
toward novel biocompatible ultralight multifunctional mag-
netic NP-based aerogel materials merging the properties of
the magnetic building blocks as well as the bio-derived ma-
trix. The obtained magnetic aerogel exhibits the advantages
of the lightweight aerogel backbone and the sensitivity of
the NPs to magnetic stimulus that make these materials a
promising candidate for many potential applications reported
of magnetic aerogels in the fields of monolithic magnetic ac-
tuators, microwave and electromagnetic radiation protective
(absorbing) materials,'"!] environmental remediation like oil
absorption, 112114l heavy metals and pollutants removal,[!1>116]
microswitches, smart and lightweight applications.

3. Conclusion

This work provides a general strategy for fabricating ultralow-
density functional materials with tailorable properties and func-
tionalities based on the combination of a widespread, biocom-
patible, food grade natural biopolymer and a low cost and CO,-
reduced preparation technique toward a wide range of possible
applications. FSM, a natural biopolymer was employed to pre-
pare ultra-lightweight monolithic free-standing bio-aerogels and
organic-inorganic hybrid bio-based aerogels using a simple tech-
nique widely employed in food and pharmaceutical applications
(flash freezing and subsequent freeze drying) and recently also as
cryogelation for NP aerogelation. The structure and properties of
the bio-based aerogel matrix were optimized as a function of the
biopolymer concentration. Loading and release of the FSM bio-
based aerogel were carried out with curcumin as a proof of con-
cept for the potential application in drug release. Furthermore,
the bio-aerogel was found to be an efficient oil absorber.

Additionally, FSM and different types of NPs (magnetic [ONPs
and luminescent CdSe/CdS NRs) were combined to fabricate
novel multifunctional organic-inorganic hybrid materials merg-
ing the advantageous properties of nanomaterials (superpara-
magnetism and fluorescence) with those of the aerogel matrix.
These novel, ultralight, organic-inorganic bio-based materials
with their enhanced/controlled physicochemical and mechani-
cal properties provide a platform to overcome the longstanding
obstacles of the inorganic NPs such as poor handling properties,
health, and environment related issues.

Concluding, combining the FSM biopolymer with a green
aerogelation technique (freeze-casting and freeze drying) allows
to prepare low cost and biocompatible functional lightweight ma-
terials of tunable properties (physicochemical, mechanical, and
biological) with a wide range of possible applications as support-
ing materials, carrier, drug delivery, stimuli-responsive materials,
reactor, and oil absorption.

4. Experimental Section

Reagents and Materials:  Iron (I11) chloride hexahydrate (FeCly « 6H,0,
>99%), caffeic acid (>98.0), polyethylene glycol 400 (PEG 400, >99%),
tri-n-octylphosphine oxide (TOPO, 99%), elemental sulfur (99.98%), 1-
octadecene (ODE, 90%), 3-mercaptopropionic acid (MPA, >99%), and
chloroform (>99.5%) were purchased from Sigma Aldrich. Potassium
hydroxide (KOH, >85%), toluene (>99.7%), acetone (99.5%), n-hexane
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(=99%) and methanol (MeOH, >99.8%) were purchased from Honeywell.
Ethanol (EtOH, >99.8%) and curcumin (>90%) were obtained from Carl-
Roth. Hexylphosphonic acid (HPA, 99%) and octadecylphosphonic acid
(ODPA, 99.0%) were obtained from PCI. Tri-n-octylphosphine (TOP, 97%)
was purchased from ABCR. Cadmium oxide (CdO, 99.998%), elemental
selenium (powder 200 mesh, 99.999%), and oleic acid (OLA, > 90%) were
supplied by Alfa Aesar. Flaxseeds were obtained from the local market
(Rossmann GmbH, Germany).

All chemicals were used as received without any further purification.
Ultrapure water (resistivity of 18.2 MQ-cm) was used for all the aqueous
solutions.

FSM Biopolymer Extraction: The FSM was extracted by the hot wa-
ter extraction followed by the centrifugation and drying as previously de-
scribed with little modifications as follows. The whole flaxseeds (100 g in
900 mL Millipore water, 1:9 ratio) were heated to 65 °C and extracted at
this temperature for 4 h under magnetic stirring (800 rpm). Subsequently,
the flaxseed solution was separated from the seed by filtering through cot-
ton cheesecloth. Later, the FSM was precipitated by addition of ethanol
(1:1 to the solution) and centrifuged at 38 600 rcf and 4 °C. The collected
FSM was dried in an oven at 80 °C, ground, and kept in small vials until
further use.

Synthesis of IONPs and Water Transfer via Ligand Exchange: The oleic
acid capped magnetic IONPs were prepared by thermal decomposition of
iron (I11) oleate based on a previously reported procedurel’’’! with some
modifications. For the preparation of the iron oleate, iron (111) chloride hex-
ahydrate (12 mmol, 3.24 g) and sodium oleate (36 mmol) were dissolved
in a mixture of solvents consisting of ethanol (24 mL), water (18 mL), and
hexane (42 mL). The mixture was heated to 70 °C and magnetically stirred
for 4 h in a round bottom flask equipped with a condenser. The mixture
was cooled to room temperature, transferred to a separatory funnel where
the aqueous layer was discarded, and the product was washed three times
with water. The organic layer containing the iron oleate complex was trans-
ferred to a rotary evaporator and the organic solvents were removed by
evaporation under reduced pressure leaving the iron oleate complex as a
viscous product.

For the oleic acid capped IONPs, the previously prepared iron oleate
complex (8 mmol, 7.202 g) and oleic acid (4 mmol, 1.13 g) were dissolved
in octadecene (40 g) in a 3-neck round bottom flask. The mixture was de-
gassed for 30 min at 100 °C then heated to 320 °C for 1 h under argon
and finally the heating mantle was removed so that the NP solution was
cooled to room temperature. Toluene (20 mL) was added and the IONPs
were precipitated by adding an equal volume of ethanol and collected by
centrifugation at 3900 rcf for 10 min. The NPs were dispersed in toluene
and cleaned again by ethanol and centrifuging. The final oleic acid capped
magnetic IONPs were dispersed in 16 mL anhydrous chloroform.

Water Transfer of the Magnetic Iron Oxide: The oleic acid capped mag-
netic IONPs were transferred to aqueous solution via ligand exchange with
caffeic acid as reported beforel'"®] with minor modifications. First, 5 mL
of the IONPs were precipitated by addition of methanol (2 mL) and cen-
trifugation at 3900 rcf for 10 min and the obtained NPs were dispersed in
toluene. Caffeic acid (80 mg in 3.2 mL water and 800 uL NaOH, 1 m) was
added to 4 mL of IONPs (20 mg in toluene). The mixture was vortexed,
sonicated for 10 min, and then agitated by orbital shaker for 3 days. Sub-
sequently the NPs were extracted by centrifugation for 10 min at 5000 rpm
and dispersed in 10 mL Millipore water.

Synthesis of CdSe/CdS Nanorods and Ligand Exchange: The CdSe/CdS
nanorods (NRs) were prepared by the seeded-growth hot injection method
(CdSe seed synthesis and subsequent growth of the rods).l""l The syn-
thesis was based on the anisotropic growth of CdS over the previously
prepared spherical, hexagonal CdSe quantum dots.

CdSe Seeds:  In the first stage CdSe seeds were prepared following the
procedure of Carbone et al. with minor modifications.['°] Typically, a mix-
ture of trioctylphosphine oxide (TOPO, 6.0 g), octadecyl phosphonic acid
(ODPA, 0.560 g), and CdO (0.120 g) in a 50 mL 3-neck round bottom
flask was degassed under vacuum at 150 °C for 1 h. Then, under argon,
the mixture was heated to 300 °C until the complete dissolution of CdO
(a clear and colorless solution was obtained). Trioctylphosphine (TOP,
1.8 mL) was injected into the flask, and the temperature was increased
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to 380 °C. At this temperature, Se:TOP solution (0.116 g Se dissolved in
3.8 mL TOP) was quickly injected. After 4 min, the heating mantle was
removed and ODE (10 mL) was immediately injected. At 80 °C, toluene
(10 mL) was added and the NPs were precipitated with methanol and
centrifuged at 3800 rcf. The NPs were redispersed in toluene followed by
addition of methanol and centrifugation at 3800 rcf. The washing step (re-
dissolution in toluene and precipitation by the addition of methanol) was
repeated twice and the obtained CdSe NPs were finally dissolved in toluene
(1.5 mL).

CdSe/CdS Rod Growth: In a second step, the anisotropic growth
of CdS onto the CdSe seeds was performed according to the above-
mentioned work. Typically, in 3-neck round bottom flask, CdO (0.060 g),
TOPO (3.0 g), ODPA (0.280 g), and hexylphosponic acid (HPA, 0.080 g)
were melted and degassed under vacuum for ~1h at 150 °C. Then the mix-
ture was heated up to 300 °C under argon and 1.8 mL of TOP was injected
and the resulting solution was further heated to 380 °C under argon. At
this point, the TOP:S precursor solution (0.130 g S dissolved in 1.8 mL
TOP), in which the required amount CdSe seeds (to reach 400 um of CdSe
QDs in the total growth solution) in minimum amount of toluene was
dissolved, was quickly injected. After injection, the temperature dropped
to #270-300 °C and the solution was left to recover the temperature for
8 min. After 8 min, the heating mantle was removed and the solution
cooled down to the room temperature. In the meantime, toluene (10 mL)
was injected at 80 °C. The CdSe/CdS nanorods were purified three times
via centrifugation-redispersion cycles (precipitation by methanol, redis-
persion in toluene) and the purified nanorods were finally stored in toluene
(4.5 mL).

Water Transfer of Semiconductor NPs (Ligand Exchange):  To transfer the
CdSe/CdS semiconductor NPs from organic solution to aqueous media,
ligand exchange was carried out following the procedure published by Ko-
danek et al.l'?0] CdSe/CdS rods (4.5 mL in toluene) were precipitated by
adding MeOH, centrifuged at 3800 rcf and the collected particles were re-
dispersed in hexane (6 mL). The transfer solution of mercaptopropionic
acid (consisting of 15 mL MeOH, 0.32 g KOH, and 0.388 mL 3-MPA) was
added to the CdSe/CdS solution followed by shaking on an orbital shaker
overnight. The two phases were allowed to be separated and the aque-
ous layer containing the transferred NPs was collected and centrifuged
(3600 rcf, 3 min). The particles were redispersed in KOH solution (0.1 m,
6 mL). Organic residue was removed by adding chloroform (1.5 mL) to the
nanorods solution followed by vortexing and centrifugation (at 3600 rcf for
5 min repeated twice). Finally, the CdSe/CdS particles were redispersed in
aqueous KOH solution (0.1 m, 6 mL).

Hydrogel and Aerogel Preparation:  For the preparation of the FSM gel
of different concentrations (wt%), the FSM powder was added and hy-
drated in water (in different concentrations, wt%) forming aggregated in-
homogeneous gels due to the high viscosity of the FSM. Heating and water
bath sonication were employed for the dissolution and homogenization
of the hydrated FSM. The mucilage solution mixture was heated for 3 h at
65 °C in a water sonication bath. Due to the high viscosity, the dissolution
(or more accurately the homogeneous hydration) of the flax seed mucilage
was very problematic especially at higher concentrations despite applying
heating at 80 °C and sonication for 4 h. Due to its high viscosity and in-
homogeneous hydration, the highest concentration used here was 2.0%.
The obtained hot (60 °C) gels of different concentrations (0.5, 1.0, 1.5 and
2.0%) were transferred to the mold (Eppendorf tube or 3 mL plastic sy-
ringe) and covered with a lid (or Parafilm in case of the plastic syringe) to
avoid any moisture loss.

For the aerogelation, the molds containing the FSM gels were im-
mersed in liquid nitrogen then freeze-dried (Christ Freeze Dryer LD 1-2
plus) for 24 h with a pressure of 0.011 mbar. The obtained FSM aerogels
were termed FAG 0.5%, FAG 1.0%, FAG 1.5% and FAG 2.0% correspond-
ing to 0.5, 1.0, 1.5 and 2.0% mucilage concentrations.

Organic-Inorganic  Hybrid ~Aerogels Preparation: For the organic-
inorganic hybrid aerogels, 500 L of the aqueous inorganic NPs solutions
(6.5 mg mL™" for CdSe/CdS nanorods and 4.0 mg mL~" for IONPs)
were added to hot (60 °C) FSM solution (500 pL, 2.0 wt%). The mixture
was vortexed to obtain a homogeneous solution (gel) and the organic-
inorganic aerogels were prepared via freeze-drying as described above for
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the FSM bio-aerogels to obtain luminescent CdSe/CdS bio-hybrid aerogel
(FAG-NRs) and magnetic IONPs FSM bio-hybrid aerogel (FAG-IONPs).

Curcumin Loaded Aerogel and Drug Release:  Curcumin loaded aerogel
was prepared with 1.0% FSM as follows, a solution of FSM was prepared
as mentioned above. Curcumin has very low water solubility, therefore
polyethylene glycol 400 (PEG 400) was used as solvent for the curcumin
due to the high solubility of the curcumin in PEG 400 (100 mg mL™") as
reported previously.['?!] For the hydrogel preparation, solution of 5 L of
curcumin solution (200 mg mL~" in PEG 400) was mixed to 995 uL FSM
solution (500 uL mucilage solution 2.0 wt% and 495 uL Millipore water).
The curcumin loaded FSM bio-aerogels were prepared as previously de-
scribed by freeze drying.

Bulk Density Measurements: ~ For the bulk density measurements of the
obtained aerogels, mass and volume of the aerogels were measured, thus
bulk densities of the aerogels can be calculated by the following equation:

o= Q)

where m is the mass (mg) of the sample and V is the volume.

Materials Optical Characterization: NP solutions (in organic solvent or
water) as well as hydrogels were spectroscopically characterized in 4 mm
path length (semi-micro) or 2 mm path length (micro) quartz cuvettes.
Absorption spectra were measured using a Jasco V750 UV/Vis spectrom-
eter, the photoluminescence (PL) spectra, and the lifetime measurements
(time-correlated single photon counting, TCSPC) were carried out using
a Horiba Fluoromax-4 spectrofluorometer. Photoluminescence quantum
yields (PLQYs) were determined using a Horiba Dual-FL spectrofluorom-
eter equipped with a Quanta-¢ integrating sphere.

For the solid materials (aerogels), the absorbance spectra and PL quan-
tum yield measurements were obtained by a Quanta-¢ integrating sphere
coupled to a Horiba Dual-FL spectrofluorometer and the PL spectra and
the lifetime measurements (time-correlated single photon counting, TC-
SPC) were carried out using a Horiba Fluoromax-4 spectrofluorometer
equipped with a Horiba Nano LED light source and Fluorohub control-
ling system (Ao, = 454 nm). The optical measurements were performed
in a Teflon sample holder (1 cm in diameter and 3 mm in depth) equipped
with a quartz coverslip.

Structural Characterization: Scanning electron microscopy: samples
were prepared by immobilizing pieces of aerogels on conductive carbon
tapes, and the SEM images were taken by a JEOL JSM-6700F (operated at
2 kV) scanning electron microscope.

Transmission electron microscopy: for the TEM image, copper grids
covered with a carbon layer (Quantifoil) were used, and the samples were
prepared by drop-casting (in case of NP solutions or hydrogels) or by
pulling the grids on the surface of the aerogels gently. The TEM images
were recorded by a FEI Tecnai G2 F20 TMP (operated at 200 kV) transmis-
sion electron microscope.

Mechanical Measurements: Compression tests on the aerogels were
performed using an Instron 5565A. Cylindrical test samples with 9.6 mm
diameter and 11 to 15 mm height were produced by gelation in cylindrical
glass molds. These samples were compressed at a steady rate of 0.2 mm
s~! while measuring the resulting force and the experiment was stopped
once a force of 5 N was reached. The stress and strain were calculated
using the initial contact area of monolith and plate and the initial height
of the monolith, respectively.

Thermogravimetric Analysis (TGA):  Thermogravimetric analysis of the
aerogels was carried out using a Mettler-Toledo TGA/DSC 3+ with the
aerogel samples loaded into 300 pL alumina crucibles. The samples were
heated from room temperature at 2 K min~" rate under a flow of air (50 mL
min~").

FTIR: FTIR was used for chemical characterization and detection of
the possible interactions. FTIR spectral analysis of flaxseed-based materi-
als was carried out by an FTIR Spectrophotometer (Agilent Technologies
Cary 630 FTIR) in the range of 4000-650 cm™".

Nitrogen Physisorption Measurements:  Specific surface area and poros-
ity analysis were carried out with the N2 physisorption method. For the
measurements, glass measurement cells were well cleaned, dried, and
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weighted. A proper amount of the sample (aerogel) was placed in the glass
cells (of a known weight) and degassed at 100 mbar at room temperature
for 24 h. On the next day, the glass cells containing the dry (degassed)
aerogel samples were weighed again, and the mass of the aerogel sam-
ple was calculated and noted as the difference between the weight of the
empty glass cell and the weight of the cell and the degassed samples. The
N2 physisorption measurements of the degassed aerogel samples were
performed on a Quantachrome Nova 3200e series instrument using ni-
trogen as gaseous adsorbate.

Oil Absorption:  FSM aerogel (FAG 1.5%) was used to study the oil
absorption capacity of the obtained aerogel. For this purpose, a precisely
weighted amount of the flaxseed aerogel was immersed in sunflower oil
for 20 min then removed and put on a filter paper to remove the extra
oil. Finally, the sample was weighed and the oil absorption capacity was
calculated as follows:

mg —mg

Q=S—

2
- @
where, Q is the oil absorption capacity in g g7', mg, m, are the weight of
the FSM aerogel before and after the oil absorption, respectively.

EE and LC: The EE and LC of the curcumin were spectrophotomet-
rically determined using standard curve according to the following equa-
tions:

_ Amount of the drug in aerogel

= 1 3
Initial amount of the drug used x 100 @)

co Amount (weight) of the drug in aerogel

x 100 4
Total weight of the drug used )

In Vitro Release Profile (Drug Delivery and Stimulated Release): The re-
lease profile of the curcumin loaded FSM aerogel was investigated in two
different biologically simulated fluids (SGF and SIF) prepared as previ-
ously reported.[22]

The SGF was prepared as follows, for 1 L volume of the SGF, 3.2 g
pepsin was added to a solution of hydrochloric acid solution (7 mL,
0.2 m) and sodium chloride (2.0 g) in 950 mL water. The pH was adjusted
to 1.2 and then the final volume was topped to 1000 mL with Millipore
water.

For the SIF, and for 1 L volume, 10 g pancreatin, monobasic potassium
phosphate (50 mmol, 6.8 g), and sodium hydroxide (0.6 g) solution was
dissolved in 950 mL water. The final pH of SIF was adjusted to 6.8 and the
total volume to 1 liter with Millipore water.

For the release profile measurement, certain amount of the curcumin
loaded bio-aerogel was mixed with 40 mL of SGF or SIF and incubated
at 37 °C. At the preset time points (0.5, 1, 2, 4, and 8 h), 2 mL aliquots
were withdrawn, centrifuged at 3600 rcf for 5 min, and extracted in ace-
tone. The absorption at 424 nm was recorded. The concentration of the
curcumin was determined from calibration standard curve of serial dilu-
tions of standard curcumin used in calculations, and data were expressed
as cumulative drug release at different time points.
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